Transition probabilities for W I lines of potential interest for fusion plasma diagnostics are reported in this paper. They have been obtained using the relativistic Hartree-Fock approach including core-polarization effects. The accuracy of the results has been assessed through comparison between two different physical models and through detailed comparison with available experimental lifetimes and transition probabilities. These results represent the first complete set of spectroscopic parameters computed for a very complex tungsten atomic system. The new data are expected to be useful for plasma modelling in fusion reactors such as the International Thermonuclear Experimental Reactor.
Introduction
Reliable spectroscopic parameters in the tungsten atom are of fundamental importance for the study and modelling of plasmas in fusion reactors. Indeed, tungsten is a very attractive element to be used as a plasma-facing material in tokamak devices because of its high melting point (3410
• C) and thermal conductivity, its low tritium retention and erosion rate under plasma loading (see e.g. Federici et al 2001 , Pospieszczyk 2006 . Some years ago, several experiments were carried out in the ASDEX Upgrade device to prove the suitability of W as a divertor target material under the conditions of a high-density and low-temperature divertor (Naujoks et al 1996) . The International Thermonuclear Experimental Reactor (ITER) will be the next step experimental fusion device which will use tungsten, together with beryllium and carbon-fibre reinforced composites, as plasma-facing materials. The main disadvantage of tungsten in these conditions is the large radiative loss due to plasma contamination and related to its high radiative efficiency.
In fusion reactors, tungsten will be sputtered from the plasma wall as a neutral element and the intensity of the well-known W I emission line at 400.8753 nm may be used to estimate tungsten influx (Skinner 2008) . Unfortunately, a complication arises from the fact that a coincident W II line exists at 400.8751 nm.
The determination of the tungsten influx rate to the core plasma will depend on a calculation of transport from the wall surface through the scrape-off layer. Consequently, the identification of emission lines from the lowest ionization stages of tungsten, including the neutral atom, will greatly aid modelling of the plasma edge and scrape-off layer transport and facilitate the analysis of net tungsten influx rates.
Up to now, transition probabilities in neutral tungsten were essentially obtained experimentally by Den Hartog et al (1987) and Kling and Kock (1999) for a selection of lines depopulating energy levels for which radiative lifetimes had been measured in laboratory. The aim of this paper is to extend the set of available transition rates for W I lines not considered so far. The method used is based on the relativistic HartreeFock (HFR) approach including core-polarization corrections. This work is an extension of similar investigations carried out in W II and W III ions . Furthermore, let us note that critically evaluated transition rates available in the literature for allowed electric dipole transitions together with a new set of computed A-values for forbidden lines were reported in our recent paper for W I, W II and W III.
Available spectroscopic data in W I

Wavelengths and energy levels
Wavelengths of all the transitions observed in the W I spectrum, and energy levels derived from these wavelengths, were compiled by Kramida and Shirai (2006) who critically evaluated the data published previously by Laun and Corliss (1968) , Shadmi and Caspi (1968) , Corliss (1969) , Wyart (1978) , Martin et al (1978) and Campbell-Miller and Simard (1996) . Of the 6800 arc lines listed by Kramida and Shirai (2006) in the spectral region 200-1048 nm, about 5500 were classified using 101 even-parity levels in the range 0-56 833 cm −1 and 365 odd-parity levels in the range 19 389-63 533 cm −1 . Whereas the 70 lowest even-parity levels belonging to the 5d 4 6s 2 and 5d 5 6s configurations were studied parametrically by Shadmi and Caspi (1968) , the system of odd-parity levels had not received adequate interpretation until the recent investigation by Wyart (2010) . In this latter work, a comprehensive study of all odd-parity levels with energies lower than 45 000 cm −1 was performed using the HFR method supported by the semi-empirical fitting of radial parameters corresponding to the 5d 4 6s6p, 5d 5 6p and 5d 3 6s 2 6p configurations. This led to the classification of the 141 lowest odd-parity levels including two new levels located at 29 823.09 cm −1 (J = 0) and 37 451.33 cm −1 (J = 6) that were the only odd-parity levels still missing below 43 000 cm −1 .
Radiative lifetimes and transition probabilities
Transition probabilities in neutral tungsten were first determined experimentally by Corliss and Bozman (1962) but their arc measurements later on were recognized to be affected by large systematic errors. These results were supplemented by the relative measurements of Clawson and Miller (1973) and by the absolute measurements of Obbarius and Kock (1982) . In the latter case, a stabilized arc, operated in argon, was used for measuring oscillator strengths for 43 W I lines in the wavelength range 240-560 nm. The accuracy of the relative data of Clawson and Miller was estimated to range between 6 and 50% while the f -values measured by Obbarius and Kock were reported with uncertainties from 10 to 36%. The first experimental measurements of radiative lifetimes in W I were performed by Duquette et al (1981) who used time-resolved laser-induced fluorescence (TR-LIF) and a hollow cathode effusive atomic beam source for lifetime determination of 15 levels belonging to the 5d 4 6s6p and 5d 5 6p configurations with an accuracy of ±5%. Kwiatkowski et al (1982) reported lifetimes for 13 energy levels in the configurations (5d+6s) 5 6p. These measurements were based on the observation of the remitted fluorescence with the singlephoton-counting technique after a selective excitation of an atomic beam by a pulsed dye laser. Some radiative lifetimes of W I excited states were also published by Plekhotkin and Verolainen (1985) .
The TR-LIF technique was also used by Schnabel and Kock (1997) to measure radiative lifetimes for 47 W I levels in the energy range 27 800 to 48 200 cm −1 with an accuracy of 2-7%. These results agree, within the mutual uncertainties, with the measurements (accurate to ±5%) of Den Hartog et al (1987) (three lifetimes common to both works). The lifetimes of Kwiatkowski et al agree within 7% with those of Den Hartog et al (1987) (13 levels in common), the latter work including remeasurements of the values published by Duquette et al (1981) .
The most extensive sets of experimental transition probabilities in neutral tungsten were reported by Den Hartog et al (1987) and Kling and Kock (1999) who measured branching fractions (BF) on high-resolution Fourier transform spectra and were able to deduce absolute transition probabilities for a set of 572 lines covering the wavelength range 225-1035 nm and involving excited energy levels up to 46 932 cm −1 . The typical uncertainties of A-values for the most intense lines (A 10 6 s −1 ) were estimated to range between 5 and 20%, and between 7 and 9% for the former and the latter authors, respectively. The lifetimes used in these two papers were those of Den Hartog et al (1987) and of Schnabel and Kock (1997) , respectively. As the work of Kling and Kock (1999) was focused on higher lying levels than that of Den Hartog et al (1987) , the overlap of the two works is small. In fact, BFs were measured for only 19 lines in common. The agreement is within a few (<7)% for the most intense transitions (BF > 20%), larger discrepancies appearing (as expected) for some weaker lines.
More recently, Wyart (2010) used the HFR method of Cowan (1981) for generating a set of computed transition probabilities for a selection of 70 lines depopulating 12 oddparity levels. Although obtained by considering a rather simple physical model (including only 5d 4 6s 2 + 5d 5 6s + 5d 6 and 5d 4 6s6p + 5d 5 6p + 5d 3 6s 2 6p for even and odd parities, respectively), fair qualitative agreement was noted between these calculated gA-values and the observed line intensities reported in the compilation of Kramida and Shirai (2006) .
Computational method
The theoretical method considered for computing the decay rates in W I is the well-established HFR approach originally developed by Cowan (1981) in which we have included corepolarization effects (see e.g. Quinet et al 1999 (Fraga et al 1976) corresponding to the ytterbium-like W 4+ ionic core. The cut-off radius, r c , was chosen equal to 1.99 a 0 which corresponds to the HFR average value r for the outermost 5d core orbital. In the second physical model (model B), configuration interaction was considered by including the same configurations as those considered in model A except 5d 2 6s 2 6p (even parity) and 5d 2 6s6p 3 (odd parity). In this case, the corepolarization effects corresponding to a lutecium-like ionic core were considered using the dipole polarizability of W 3+ , i.e. α d = 6.88 a 3 0 (Fraga et al 1976) and the same value as the 
one used in model A for the cut-off radius, i.e. r c = 1.99 a 0 . The only difference between both models thus lies in the way core-valence interactions are taken into account. By assuming an ionic core with 70 electrons in the core polarization potential and opening the 5d subshell up to 5d 2 , these interactions are considered more explicitly in model A than in model B where a slightly bigger ionic core containing 71 electrons is incorporated in the potential.
In each of these approaches, the final wavefunctions were obtained by a parametric fit of the calculated energy levels to the experimental ones. All even experimental levels compiled by Kramida and Shirai (2006) for 5d 4 6s 2 and 5d 5 6s configurations were fitted using, as adjustable parameters, the average energies (E av ), the Slater radial integrals (F k , G k , R k ), the spin-orbit parameters (ζ nl ) and the effective interaction parameters (α, β). In the case of odd-parity levels, only the lowest experimental values (E < 45 000 cm −1 ) published by Wyart (2010) were included in the fitting procedure using the E av , F k , G k , R k , ζ nl and α parameters of the 5d 4 6s6p, 5d 5 6p and 5d 3 6s 2 6p configurations as variable parameters. The mean deviation, | E| = |E exp − E calc |, obtained when fitting the even-parity levels (70 levels), was found to be equal to almost the same value in both models (| E A | = 57 cm
and | E B | = 59 cm −1 ), while this parameter was slightly increased for odd-parity levels (141 levels) when going from model A to model B (| E A | = 64 cm −1 and | E B | = 73 cm −1 ).
Results and discussion
The calculated energy levels and Landé g-factors are compared with experiment in tables 1 and 2 for even and odd parities, respectively. Detailed knowledge of the Landé factors is important to analyse the atomic spectra when an external magnetic field is applied. It can also provide us with useful information regarding the spin-orbit interaction and, consequently, the coupling schemes encountered in atoms. Moreover, the g-factor is helpful for the assignment of the energy levels in terms of analysis and allows us to get deeper insight into the properties of atomic states in heavy elements such as W I, for which this parameter was still unknown for many levels. When looking at tables 1 and 2, very good overall agreement is observed between the theoretical results (using both models A and B) and the available experimental Landé factors. The present determination of g-values in neutral tungsten is an extension of a similar work recently performed for some atoms and ions along the sixth row of the periodic table . Calculated radiative lifetimes obtained in this work using model A, τ A , and model B, τ B , are compared to the available experimental measurements in table 2 for odd-parity levels below 45 000 cm −1 . This comparison is illustrated in figure 1 showing the ratio τ exp /τ calc as a function of the energy. It is seen that the overall agreement between experimental lifetimes and calculated ones is rather similar whatever the physical model used, the mean ratio τ exp /τ calc is found to be equal to 1.12 ± 0.40 and 1.02 ± 0.38 in the cases of models A and B, respectively. We also note that the most important discrepancies with experimental measurements appear for some levels below 30 000 cm −1 and above 40 000 cm −1 . This can be explained by the fact that the former levels, characterized by long lifetimes (τ exp > 500 ns), are depopulated by weak transitions for which the computed line strengths were found to be affected by important cancellation effects, while the levels above 40 000 cm −1 were found to be very strongly mixed, their eigenvector purities rarely exceeding 15%. This is illustrated in figure 2 showing the LS-coupling purities obtained using Hartog et al (1987) and Schnabel and Kock (1997) . theoretical model A for all of the odd-parity levels below 45 000 cm −1 .
The calculated transition probabilities, gA, obtained in this work using both models A and B are reported in table 3 alongside the lower (even) and upper (odd) experimental energy levels of the transition and the air wavelengths in nm. These wavelengths were taken from the compilation of Kramida and Shirai (2006 Hartog et al (1987) and Kling and Kock (1999) . When looking at this table, we note that the general agreement between theoretical results and experimental ones is better in the case of model A than in the case of model B, the mean ratio gA exp /gA calc is found to be equal to 1.10 ± 0.74 and 1.36 ± 1.32, respectively, if we except the line at 248.0130 nm for which the calculated transition probability is affected by large cancellation effects in model B. When compared with experimental gA-values, results of calculation B also seem to show a larger systematic underestimate and a larger scattering than those deduced from calculation A. This is probably due to the fact that core-valence interactions are better represented in model A than in model B. Consequently, it is expected that transition probabilities obtained in this work using model A are more reliable than those computed with Figure 1 . Comparison between calculated radiative lifetimes as obtained in this work using both physical models (A and B) and experimental values published by Den Hartog et al (1987) and Schnabel and Kock (1997) . Kling and Kock (1999). model B. This statement should however be checked on a firmer basis by new experimental measurements.
It is also worth noting that better overall agreement is observed when comparing the calculations with the experimental transition probabilities measured by Den Hartog et al (1987) than with those reported by Kling and Kock (1999) , as shown in figures 3 and 4, a larger scattering being observed in the latter case even for intense transitions. This is probably due to the fact that the work of Kling and Kock was focused on higher lying levels of which most are characterized by very strong mixings in the wavefunction expansions, as already mentioned above for levels with E > 40 000 cm −1 .
Conclusion
A new set of computed transition probabilities for neutral tungsten lines is reported in this work. The accuracy of these results was assessed through detailed comparisons between two different HFR models and available experimental data. These data represent the first complete set of spectroscopic parameters computed for the very complex W I atomic structure. It is expected that the results will provide plasma physicists with some of the data they need for spectroscopic diagnostics and modelling of fusion plasmas magnetically confined in reactors where tungsten is expected to be used as a facing material.
